Abstract:
We demonstrate that an ultrabroadband, extremely high index of refraction can be realized from the thin window-type terahertz metamaterials composed of strongly multilayer coupled unit cells. By drastically increasing the effective permittivity by means of intense capacitive coupling and reducing the diamagnetic effect using a thin metamaterial structure, a peak refractive index of 70 at the resonant frequency, along with a low-frequency quasistatic value of over 18 were obtained for a single-layer thin ring terahertz metamaterial. A relative bandwidth of 0.5 THz at the index more than 20 can be observed for the single-layer thin window-type metamaterial with the refractive index peak achieving to 45. Based on the coupling effect of multilayer window-type metamatarials, the bandwidth of 1.25 THz with the index of more than 20 for the five-layer structure can be reached, and the refractive index peak reach to 50 while maintaining low losses. Importantly, the ultrabroadband performance with the bandwidth of 2.25 THz at the index larger than 20 was surprisingly indicated for multilayer coupling structure by a small incident angle. Simultaneously, the refractive index peak of more than 70 can be obtained.
Index Terms: Electromagnetic metamaterials, terahertz metamaterials.
The arbitrary control of electromagnetic waves has been realized by the advent of metamaterials [1] . Recently, exploiting artificial materials, metamaterials, with unusual effective electromagnetic responses mainly focuses on developing the negative refractive index materials. However, creating an arbitrarily high effective refractive index metamaterial is of great interest for providing more design flexibility for transformation optics [2] . Moreover, increasing the refractive index over a larger frequency range leads to slow light effect to enhance the storage capacity of delay lines [3] . Also, the imaging and lithography, where the resolution scales inversely with the refractive index, can be significantly developed by improving high refractive index materials [4] . Thus, expanding the refractive index into a high positive region will fill the spectrum of achievable refractive index of metamaterials. In order to attain the property of high refractive index, the electromagnetic resonances of metamaterials are often applied, resulting in inherently narrowband and lossy [5] . Previous work by Sievenpiper et al. on high refractive index metamaterials proposed a non-resonant subwavelength array of parallel plate capacitors to enhance the effective permittivity, but such an array showed a strongly diamagnetic response resulting from current loops [6] , and therefore, the refractive index was not greatly improved. Recently, Shin et al. demonstrated numerically the mechanisms of a broadband high refractive index metamaterial [7] , but the presented 3-D structure is not easy for implementation in experiment. Fortunately, Choi et al. proposed a 2-D terahertz metamaterial with unnaturally high refractive index [8] . By experimental and theoretical investigations, they demonstrated a polarization-dependent and anisotropic high refractive index device.
In this letter, we design a thin window-type metamaterial with an ultrabroadband, extremely high index of refraction in the terahertz region. The polarization-independent and isotropic highindex metamaterial can be realized. Specifically, an ultrabroadband polarization-angle independent metamaterial can be obtained. On account of the strongly coupling effect of multilayer unit cells, an ultrabroadband unnaturally high index metamaterial can be achieved. Surprisingly, the bandwidth and peak of high refractive index can be further enhanced by tilting a small incident angle for the multilayer structure metamaterial.
Firstly, we consider a simple cubic array structure of metal cubes. Fig. 1(a) shows a single cell of the metamaterial under study, together with the polarization of an incident plane terahertz wave. It is obvious that the properties of structure are polarization-independent on account of the symmetry. Without losing generality, we assume here vacuum for the ambient environment. The metals used to construct the metamaterials are lossy gold. and P are the linear sizes of the unit cell and the metal cube, respectively. is 60 μm, and P is 58 μm. The gap width is defined by g = − P . Since these cubic arrays present bulk properties when the spacing between elements is much smaller than the incident wavelength, it is justified to extract their effective constitutive parameters. The constitutive parameters can be retrieved by numerically calculating the ratios of the electromagnetic fields [9] or by some approximate analytical models [10] . Recently, a common method to extract the constitutive parameters was proposed by Smith et al., which is to use the reflection and transmission coefficients (S parameters) [11] . It has been proved to be precise by a comparison between the theoretical estimation and the experimental extraction [8] . Here, the S-parameter extraction method is applied to accurately obtain the effective constitutive parameters of our designed metamaterials.
On the aspect of the assignment of effective parameters, it should be carefully noted to a single layer metamaterial on the effective thickness estimation, especially when there are no specific physical boundaries [12] . The effective thickness can be defined as a distance between virtual boundaries, at which the transmitted and reflected wave should be plane waves [12] . In order to extract accurate value of effective parameters, we implement additional calculations with increasing numbers of metamaterial layers. As the number of metamaterial layers increases, the converging value of the bulk refractive index, especially at the quasi-static limit, can be achieved. Then, the effective refractive index should be constant as a function of the number of metamaterial layers. Therefore, the virtual thickness of a single-layer metamaterial renders the same bulk refractive index at the quasi-static limit for multilayer structure can be defined as the effective thickness. In the process of extraction parameters, we compared the effective refractive indices and the impedance at the quasi-static limit for multilayer metamaterials, more than ten layers, with that of a single-layer metamaterial. Thus, the exact effective constitutive parameters of metamaterials can be obtained in our study. Fig. 2 shows the effective constitutive parameters of cubic arrays, including the permittivity ε, the permeability μ, and the effective refractive indices n. Due to their electromagnetic properties are isotropic, the ε and the μ are scalars, and can be calculated by ε = nz0/z, and μ = nz/z0 where z0 is the impedance of free space. Obviously, this structure provide Re(ε) enhancement with the value of 250 at the resonant frequency of about 0.6 THz. But it exhibits strong diamagnetism, manifesting a strong suppression of the permeability μ less than 0.16. Consequently, the cubic arrays structure shows only a smaller n less than about 2.6. Moreover, the figure of merit (FOM), defined as Re(n)/Im(n), was calculated to characterize the effects of loss of metamaterials as shown in Fig. 2(d) . An FOM larger than 10 is typically considered to be low loss in favor of an observation of important electromagnetic effects [13] .
To explore the physical effect about cubic arrays, we numerically simulated the electromagnetic response to externally applied field as shown in Fig. 3 . As can be seen in Fig. 3(a) that the electric field was strongly concentrated in the gap between cubes, creating a large accumulation of surface charges. The opposing faces at the gap between nearest-neighbor cubes form parallelplate capacitors, resulting in significant dipole moment and higher electric permittivity. Quantitatively, the effective permittivity can be also estimated by an averaging field method in the limit where the cube size P approaches the lattice constant [14] . Assuming that the field is uniform in the gaps between the opposing faces, the averaged fields can be represented as ε 0 E = D 0 ( − P )/ , and D = P 2 D 0 / 2 where D 0 and ε 0 are the electric displacement vector and the permittivity in vacuum, respectively. The effective permittivity can be obtained as ε = D/(ε 0 E ) = P 2 / ( − P ). In the large cube limit (P ≈ ), the effective permittivity is simplified to ε ≈ /( − P), yielding a value of 30 in our structure. This result is approximately equal to that of the extracted permittivity from S-parameter method in the quasi-static limit as shown in Fig. 2(a) . Fig. 3(b) shows that the surface current is induced by applying the component of magnetic field, forming large area current loops. It can be seen from Fig. 1(a) and Fig. 3(b) that these surface currents can generate the magnetic moments which align opposite to the applied component of magnetic field. The magnetic field vanishes within the cube metals as shown in Fig. 3(c) . It will make a large diamagnetic effect of the structure, leading to smaller effective permeability. The analytic effective permeability can be similarly calculated by an averaging procedure of the applied magnetic field [14] . By taking the magnetic induction to be B 0 , the average magnetic field can be obtained as μ 0 H = B 0 and B = ( 2 −P 2) B 0 / 2 , then an effective magnetic permeability is represented by μ = B /(μ 0 H ) = ( 2 −P 2 )/ 2 . When P ≈ , the permeability is approximately expressed by μ = 2( − P)/ . In our study, the permeability is found to be 0.067, which is smaller than the extracted value by S-parameter method in quasi-static limit. It is expected that the analytic results can be more accurate as P approaches due to the assumption that the applied fields are entirely confined to the gaps and uniform within them. From the above discussion about the analytic calculations and the retrieval of S-parameter method to the effective permittivity and permeability, the ε and μ in the cube arrays can be entirely controlled by geometry, and they are manipulated by different aspects of the structure. The permittivity is determined by the gap width between cubes while the permeability is extremely related to the area subtended by the induced current loops. Thus, to obtain a high refractive index structure, one should reduce the area subtended by the current loops to greatly suppress the diamagnetic effect, while enhance a substantial capacitive response by decreasing gap width. Moreover, it should be noted that the effective refractive index is relative to the substrate index, so replacing air with a higher-index dielectric material will result in further increase of the effective index.
Then, a thin brick metallic patch metamaterial (TBM) with = 60 μm, P = 59 μm, and t = 0.2 μm is proposed, as shown in Fig. 1(b) . The TBM patch is embedded symmetrically in the substrate with d = 2 μm. Hereafter, the substrate is made from a dielectric material with the refractive index of n = 1.8 + 0.04i. The effective refractive indices and the permeability can be extracted by S-parameter method as shown in Fig. 4(a) and Fig. 4(b) , respectively. Comparing this simplified structure to the cube arrays, it can be seen that the refractive indices have been obviously increased, and the diamagnetic response is much weaker in the TBM patch because most of the current loops subtend much smaller areas. The peak of the refractive index can reach to about 25, and the permeability in the quasi-static limit is enhanced by the TBM to 3. Further suppression of the diamagnetic response can be accomplished by introducing a thin ring shaped patch metamaterial (TRM) in Fig. 1(c) . The parameters of this structure is same to the TBM with a line width of the ring, w = 3 μm. This structure results in further decrease in the area of the current loops, especially at the resonant frequency of 0.5 THz. Fig. 4(c) indicates that Re(n) can achieve about 66 at the resonant frequency. But these metamaterials are inherently narrowband and work only in the vicinity of a resonant frequency.
To further increase the bandwidth of high refractive index, we proposed a window type high refractive metamaterial (WTM) as shown in Fig. 1(d) . The line width and other parameters are same as that of TRM. As can be seen from Fig. 4(e) for WTM, a strong electric resonance was observed with a peak refractive index of 45 at a frequency of about 0.8 THz, and the bandwidth of the high Re(n) more than 20 can reach to approximate 0.5 THz. Clearly, the bandwidth of high refractive index is remarkably wider than that of TRM although the peak is slightly decreased. The magnetic permeability in Fig. 4 (f) remains a higher value more than 3 over the whole frequency domain. Near the frequency of the electric resonance, a magnetic anti-resonance accompanying the strong electric resonance can be observed as shown in Fig. 4(f) [15] . It should be noted that further increase of the line width of metal for WTM can result in a larger band width of high index, but the peak will decrease. By extremely enhancement of permittivity together with the suppression of diamagnetism, this unprecedented high of refractive index in a broadband frequency region can be designed. Besides, a crossed "I"-shaped metamaterial (CIM) is demonstrated in Fig. 1(e) with L = 50 μm to attempt a wider bandwidth high index. Interestingly, the CIM indicates a dual-band high refractive index in relative narrow bandwidth, as shown in Fig. 4 (g) and (h). Increasing the central beam width cannot enhance the bandwidth of high refractive index, so we focus on the broadband performance of the WTM.
To explore the physical origin of broadband high refractive index of WTM, the electric and magnetic field around the metallic patch in four unit cells of a single layer WTM were numerically simulated for a frequency of 0.3 THz as shown in Fig. 5(a) and (b) , respectively. It can be seen that the electric field is strongly concentrated in the gap between unit cells. The gap width plays a decisive role in enhancing the effective permittivity. A large amount of surface charge can be accumulated on the edge of parallel-plate capacitor because the charges in each edge of unit cell interact with opposite charges in close proximity across the gap. This charge accumulation will result in a significantly large dipole moment in the unit cell. A high dipole moment in the unit cell resulting from huge charge accumulation finally causes an enhanced effective permittivity. Thus, reducing the gap width can increase the effective permittivity. To realize an ultrahigh refractive index, it is still need to enhance the permeability by suppressing the diamagnetic response. The TWM can effectively decrease the diamagnetic effect because it has a small area subtended by the current loops, which is confirmed by the magnetic field distribution as shown in Fig. 5(b) . Due to the negligible metallic volume fraction, the magnetic field deeply penetrated into the unit cell.
Although relative broadband high refractive index can be achieved by above mentioned singlelayer metamaterials, further insights of the multilayer TWM was investigated to explore an ultrabroadband high index metamaterial. The presence of coupling between layers of metamaterials can result in significant differences in the transmission spectra and the refractive index performance [13] . Fig. 6 shows the transmission and reflection spectra for (top to down) single-, double-, and triple-layer TWM. Here, the same parameters of structure with single-layer TWM as shown in Fig. 1(d) are applied. It is clear that the transmission corresponding to the frequencies from 0.5 THz to 2.0 THz is gradually decreased as the number of layers is increased, so a progressive bandgap is formed [13] . In Fig. 6 , the reflection peaks appears in the spectra, which can be explained by the Fabry-Perot homogeneous slab model of multilayer TWM [16] . Moreover, from a microscopic viewpoint, the reflection peaks result from the Bloch-like modes which are phase-matched to the Fabry-Perot resonance of the metamaterial slab [17] .
In order to study the bulk performance of multilayer TWM, the effective constitutive parameters for the five-layer high index metamaterial were numerically extracted in Fig. 7 . These calculations demonstrate the capability of creating an ultrabroadband ultrahigh index metamaterial with weak diamagnetism and extremely large dipole moments. The highest index of refraction of more than 50 is reached at a frequency of 0.85 THz. The refractive index does not fall sharply at higher frequencies, comparing with that of the single-layer TWM, and indicates an extremely broadband characteristic with the frequency band of 1.25 THz at the index more than 20. It can be seen in Fig. 7(d) that in the lower portion below the electric resonance frequency, the FOM achieves above 10 with a perk value higher than 100.
To investigate the variation characteristic of effective refractive index with oblique incidence, we calculated the Re(n) of the single-layer high index TWM and the five-layer TWM as a function of the incident angle in Fig. 8(a) and (b) , respectively. Based on the possibility of breakdown of the effective medium modal for oblique incidence, it is indispensable to check whether the effective medium situation is satisfied in x-y plane. It is known that the in-plane projection of wavevector, k x = 2πsinθ/λ, should be smaller than the in-plane reciprocal lattice constant K = 2π/ by at least five times [11] . This results in the effective medium condition of sinθ ≤ λ/(5 ). In view of the maximum calculating frequency of 3 THz and the lattice constant of = 60 μm, a maximum angle of about 20°can be obtained, within which the effective medium model can be considered as valid. For the single-layer TWM in Fig. 8(a) , it is found that the refractive index is quite robust to the incidence angle. This stability results from the weak dependency of permeability on the direction of incident magnetic field. Surprisingly, for the five-layer TWM, the peak of the refractive index achieves to more than 70 with the incident angle of 10°and 20°. An ultrabroadband characteristic with the frequency band of 2.25 THz at the index more than 20 can be obtained. This phenomenon may come from the synthesizing resonant effect in the dual-direction component by oblique incident terahertz wave and the coupling role between layers of TWM. The concrete mechanism of this appearance needs to be more deeply investigated in future works.
In conclusion, the index enhancement of the artificial metamaterials results from the shapes of the metal patch and their relative size to the unit cell. It is possible to reach an even higher index of refraction by further decreasing the gap width (g) or the spacing (d) between each metamaterial layer. Also, the introduction of a higher index substrate will result in unprecedentedly greater enhancement of effective refractive index and bandwidth. In the aspect of the fabrication of our designed untrahigh index metamaterial, it can be realized by using electron beam lithography and consecutive metal etching [8] . Also, based on the injection molding method suggested by Wang et al. [18] , our designed three-dimensional metamaterial can be prepared. Our findings concerning ultrabroadband high-index metamaterials may lead to many interesting applications of subwavelength-scale functional devices [19] - [22] , such as broadband slow light devices, invisibility devices of transformation optics, compact cavity resonators, and so on.
